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THE QUAD SCHEME; 
A New Method for Phase Space Integration 

by 

F . M. Mueller, J. W. Garland, 
M. H. Cohen, and K. H. Bennemann 

ABSTRACT 

The QUAD scheme is a general computational method 
for using the resul ts of band calculations to compute integrals 
over momentum space. A local quadratic expansion is used 
to fit the electronic band s t ructure over a sufficiently small 
cubic region of the Brillouin zone. By means of this expan
sion, the contribution of the region to such quantities as the 
density of states is found by Monte Carlo sampling. The 
total density of states is formed by adding the contributions 
from all the small cubic regions. The QUAD procedure 
should be applicable to many other calculations. For t ran IV 
programs are included for the problem of density of states 
and the combined interpolation scheme. P a r a m e t e r s appro
priate to relativistic fee platinum bands are presented. 

I. INTRODUCTION 
« 

Large-sca le electronic computers have made possible detailed 
comparisons between theoretical calculations of electronic propert ies of 
crystall ine systems and experimental resu l t s . The problem in making 
such comparisons has been in actually performing summations over mo
mentum space. The summations involve evaluation of singular three-
dimensional in tegrals . In the past the problem could be treated in two 
ways. Systems could be chosen which were amenable to simple approxi
mations to both the eigenvalues and eigenvectors; the necessary integrals 
could then be performed analytically. Alternatively, experiments could be 
chosen which depended only on limited regions of the Brillouin zone (BZ), 
perhaps regions near the Fe rmi surface or near specific cr i t ical points 
such as symmetry points. 

Such approximations and res t r ic t ions a re quite appropriate for 
simple metals and semiconductors. However, the transit ion meta ls , r a re 
ea r ths , and actinides cannot be so approximated. Every eigenvector and 
mat r ix element in these systems has a strong jc dependence because of 
hybridization between either the s and d electrons in the transit ion metals 



and ra re ear ths , or the s, d, and f electrons in the act imdes. Mueller and 
Phil l ips ' have shown that these mater ia ls have oscillator strengths which 
vary from 7.0 eV to 0.0 eV over a range in the BZ as short as 10% of a 
zone diameter. The energy bands of these mater ia ls a re both n- jnerous 
and convoluted. Even calculation of a simple property such as the density 
of s tates, which may be viewed as a "process" in which all the mat r ix 
elements are strictly constant, is difficult. 

Recently a general technique, the QUAD scheme, has been developed 
for calculating the electronic propert ies of regular solids. The QUAD 
scheme divides an appropriate sector of the BZ into a sequence of small 
cubes. Eigenvalues and eigenvectors are found at a se r ies of points withm 
one of these cubes. These points are used to form expansion coefficients 
to full quadratic order by a leas t -squares procedure. The density of states 
over the cell is formed by using the expansion functions and by Monte Carlo 
sampling. 

Such a sampling procedure for finding the density of states is ap
proximate. One could, in principle, perform an exact calculation by finding 
the fractional volume of the cell enclosed by constant energy contours. 
Gilat and Raubenheimer^ used this technique with a linear expansion to 
treat phonon spectra . A linear expansion is adequate for phonons when the 
bands are few in number and have little s t ruc ture . Volume integration may 
be carr ied out quite easily in this linear approximation. 

Electron bands of transit ion meta l s , however, a re more numerous 
and much more convoluted than are phonon bands. The range of validity of 
the l inear-expansion approximation for electron bands of transit ion met
als is less than in phonon bands. Tests indicate that, if the expansion is 
to be accurate to 0.1% of the band width, a l inear expansion breaks down 
about five times faster in the d-band region of the electronic band structure 
of copper as in the phonon bands of copper. For the same percent accuracy 
of approximation a net five t imes finer would be needed in the electron-
band problem as in the phonon problem. Since both the number of diago-
nalizations and the number of cells would be increased by a factor of 
roughly 5̂  = 125, we extended the l inear approximation to include full 
quadratic t e r m s . Volume integration of constant energy contours in the 
quadratic approximation is difficult, however, and involves the evaluation 
of many sets of incomplete elliptic integrals (as many as one has histogram 
boxes and cel ls) . The procedure would be slow, difficult to p rogram, and 
not easily extended to those cases where we want to consider k-dependent 
ma t r ix elements inside the integrand as well as singular energy delta 
functions. 

The QUAD method may or may not be easier to use in more compli
cated calculations than the density of states in simple sys tems. Recently, 



Saravia and Brus t ' successfully extended the l inear-approximation method 
to evaluate mat r ix elements for the energy dependence of the long-
wavelength dielectr ic function £2(00) of diamond. We believe that the 
l inear-approximation method cannot be successfully applied to mater ia l s 
with more convoluted k dependence of electronic proper t ies . 

In this report we present two sets of For t ran p rograms used to 
treat fee t ransi t ion-metal bands. The physical and mathematical approxi
mations involved in these programs have been presented in two companion 
articles. '*' The extension of this t reatment to other crysta l s t ruc tures 
and mater ia l s should be straightforward. 

II. TREATMENT OF THE BRILLOUIN ZONE 

The Hamiltonian of a cubic mater ia l has eigenvalues which are 
degenerate under the 48 operations of the cubic point group. The full BZ 
may therefore be factorized into 48 irreducible BZ wedges, each contain
ing exactly the same eigenvalue information. Although seemingly advanta
geous, a direct factorization of the full zone into one irreducible wedge can 
involve several problems. F i r s t , if Monte Carlo sampling methods are used 
to find the density of states (as below), each pseudorandom point must be 
tested to see if it is inside the wedge. Such testing requires several 
For t ran IF s ta tements , which are slow compared to ari thmetic s tatements . 

A second possible problem induced by the wedge planes occurs when 
a regular or an i r regular interpolation net is constructed over one cell. In 
an fee s t ruc ture , a simple cubic net has points falling inside and outside of 
the irreducible wedge planes, forming various*gap or defect regions. Al
though a more complicated interpolation net, formed by shrinking the 
reciprocal- la t t ice basis vec tors , will not overlap the wedge planes, its use 
requires a nonorthogonal basis set to derive the expansion coefficients 
needed for interpolation. Use of nonorthogonal bases can either ra ise the 
fractional e r r o r of the expansion coefficients to unacceptable levels , or 
leave some of the expansion coefficients indeterminate. For example, the 
simple cubic net discussed below cannot be used to find expansion coeffi
cients to full third order . 

Our treatment of the BZ avoids both of these problems at the outset; 
never the less , it does not need to diagonalize the Hamiltonian at any point 
outside of a single l /48th of the BZ. 

The QUAD technique t rea ts the fee BZ in the following manner: 

1. The planes forming the square faces a re extended so that a new 
BZ, exactly twice the volume of the old, is formed. The new BZ is a cube. 
Note that all of the 14 Bravis latt ices can, by suitable patching-on of 



degenerate pieces, be formed into, first, an orthorhombic system and then, 
by a scale transformation, into a cubic system. Thus our t reatment here 
restr icted to the fee system, can be applied to other systems as well. 

2. Only points in the positive octant are considered. The volume 
of the resulting cube is l /4 of the volume of a single BZ. 

3. The 1/2 BZ distance (T-X) is divided by three sets of (MESH-1) 
parallel equispaced planes. The working volume is thus divided into 
(MESH**3) little cubes, called cel ls . 

4. Each cell is further subdivided by three bisecting planes, 
forming 27 points at the corners , midedges, midfaces, and midpoint of one 
cell. Eigenvalues at the 27 points are used to find, by a l eas t - squares 
procedure, a set of ten expansion coefficients to full quadratic order for 
each of the nine bands, derived from the model Hamiltonian appropriate to 
noble and transition metals . 

5. Each of the various cells is labeled by an index. Except for 
such labeling, all cells are treated by the program as logically equivalent. 
The sampling range for k^ is remapped for each cell so that it has com
ponents which are in the range -1 to +1. This remapping procedure greatly 
facilitates debugging. Since each cell is t reated the same, it is only neces
sary to cheek in detail that one cell is being properly processed . In addi
tion, accuracy in the matr ix inversion procedure is increased, reducing 
the e r ro r in the expansion coefficients from about 1% to about 0.001% (both 
calculations were done using double precision ar i thmetic) . Also, with the 
remapping, the 10 x 10 coefficient mat r ix inversion need be performed 
only once. In the present program the mat r ix inversion is done only once 
per run, reducing total execution time by a factor of about two. 

6. Each of the subdivided points, which fall on a regular net of 
length (r-X)/(2*MESH), is mapped back onto one par t icular irreducible 
wedge. Thus the necessary energy eigenvalues at these points in l/48th 
of the BZ are found only once, are stored in the mat r ix EMESH, and are 
drawn out as needed by the cells in the expanded cubic BZ segment. No 
more diagonalizations need be performed using this method than in other 
techniques, and the wedge planes need not be considered at all. 

7. Monte Carlo sampling points a re found throughout one cell , the 
nine energy eigenvalues appropriate to each point a re found from the ex
pansion coefficients CEP, and the energies a re sorted into the HIST matr ix . 

The QUAD technique may be easily extended to include i^-dependent 
scalar , vector, or tensor quantit ies. When k-dependent elements are im
portant, two QUAD expansions a re used: one, as above, for the energy 
eigenvalues, and another for the eigenvectors. F rom the eigenvectors , the 



basis functions, and the various form factors , any 1^-dependent quantity 
may be calculated. Since the experimental accurac ies a re usually of the 
order of a few percent , about 10,000 Monte Carlo points per histogram box 
need be calculated to match these accurac ies . Modern computers such as 
the Argonne 360/50/75 can calculate this many points in a few seconds, 
typically 500 to 1000 per second. Only 1/2 to 1 hour of machine time is 
needed to calculate a fine histogram of the most complicated experimental 
quantities. Once the basic band-s t ructure pa ramete r s and various form 
factors a re known, full band-s t ructure details can be routinely included in 
the most difficult calculations using the QUAD technique. 

III. DESCRIPTION OF THE PROGRAM 

The program presented here forms a fine histogram representation 
of the density of electron states of relat ivist ic fee transition meta ls . As 
we have suggested above, such a calculation may be viewed as a "process" 
in which all mat r ix elements a re str ict ly equal to one or zero. The exten
sion of the QUAD scheme techniques for either manipulating core space 
or improving running speed to problems where matr ix elements have a 
strong Jc dependence is straightforward. The program was written for the 
version 13, re lease 11 of For t ran IV(H) compiler of the IBM 360/50/75 
system as the Computation Center of the Applied Mathematics Division at 
Argonne National Laboratory. This system has available about 250,000 
single-precision words of fast core . The program now uses about 40,000 
single-precision words, and 25,000 double-precision words of core . The 
need for core space could be substantially lowered by simply reducing the 
dimension of the storage mat r ices EMESH, IP, and HIST. Moreover, 
HOST, the integrated density of s ta tes , could b? eliminated entirely. 

A. Main P rog ram 

The main routine is used for manipulative purposes only, i .e. , to call 
other routines, allocate storage space, t ransfer information, or call input-
output. Statement cards a re included at key points in the programs. Labeled 
common blocks a re used to t ransmit information to the subroutines. The 
common blocks have been factored according to operational function. 

B. Subroutines 

The subroutines, with a brief description of each, a re listed below 
in alphabetical order . Names containing an as te r i sk a re used only by the 
combined interpolation scheme. 

ALL 

The ALL routine finds the energy eigenvalues for the nine bands of 
a fee transi t ion metal and loads the eigenvalues sequentially into EMESH, 
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the energy mesh. As discussed above, two nested meshes a re used. An 
outer mesh labels the various cells of length ( - ^ * M E S H J ' ^'^ ™ " " " " ^ 
of length (^ * 2 * M k ^ ) '^ '^^ '^^^'^' eigenvalue net where a is the lat
tice constant. The inner mesh is assumed to be fee and is generated in 
the first part of the ALL routine. The mesh points are given m integer 
arithmetic, and the integer vector [111] is added to them. For example, 
the point r becomes [111] and. assuming MESH = 4, the point X becomes 
[911]. The matrices IP and IK are logical inverses of each other and 
contain essentially the same information. The mat r ix IP yields the index 
point of a triplet set of numbers, whereas the matr ix IK yields the k-space 
coordinates of a given index number. Use of both of these ma t r i ces allows 
immediate retrieval of information without searching a r r a y s . Appreciable 
computation time and core space are saved, and the procedure can be 
applied to many other computational problems. 

CELL 

The CELL routine returns the ten possible quadratic products of 
the vector BK. The first nine products (the harmonics s . p . andd) a re 
scaled to agree with the Kubic Harmonics used in the interpolation scheme. 
This reseating was done arbi t rar i ly and represents an his tor ical ra ther 
than a necessary choice. 

*EIGEN B 

The EIGEN B routine finds the highest NEV eigenvalues and eigen
vectors of the matr ix A to an accuracy of ACC. The secular equation is 
of order NSUB. If M = 0 only eigenvalues are found. These are stored in 
the ar ray VALU, starting with the highest. EIGEN B uses the tridiagonal 
procedure of Givens and Householder, and was originally writ ten by Burton 
Garbow of the Applied Mathematics Division at Argonne. It is considerably 
faster than the Jaeobi technique. 

*FILL 

The FILL routine forms the spin-orbit mat r ix elements of the spin-
up. spin-down d-functions. The original 9 x 9 real secular equation of the 
interpolation scheme is extended to an 18 x 18 complex mat r ix to include 
spin. The Hermitian Hamiltonian has been doubled in size to make a real 

matr ix by the usual procedure; (A + iB) -" ( I, where _A and _B are 

block mat r ices . The spin-orbit coupling parameter is E P . and we assume 
a spin-orbit interaction of the form 

EP -* 

where L acts on d states alone. 

" s o = - 2 " a • L . 



•HELD 

The HELD routine generates the Hamiltonian of the 5 x 5 tight-
binding fee, d-d interaction block, and includes the effects of second-
nearest neighbors. HELD is the result of straight coding of Table II of 
Slater and Kos ter . ' 

*HSOC 

The HSOC routine generates two blocks of the model Hamiltonian. 
The first is the diagonal 4 x 4 block of the Hamiltonian between plane 
waves. The second is the off-diagonal 5 x 4 block of the Hamiltonian be
tween tight-binding d states and plane waves. The five d basis functions 
have the same order as in the HELD routine. The four plane waves 
(OPW's) a re the lowest four which are degenerate in the point W in the BZ. 

•MATMPY 

The MATMPY routine is a mat r ix multiplier used by EIGEN B. 

MDINV 

The MDINV routine calculates the inverse of the double-precision 
matr ix A_ up to order N. A technique which pivots the matr ix on the largest 
elements is used. The inverse is returned in the matr ix A. The original 
^ is destroyed. 

•RECIP 

The RECIP routine finds that point W, of three possible W points 
in the positive truncated octant, which is closest to the given point BK. The 
components of the lowest four degenerate plane waves a re stored in the 
matr ix AK and form the plane-wave basis set used in HSOC. The effect of 
RECIP is cancelled out in the present program by the res t r ic t ions imposed 
by ALL. RECIP becomes important in other cases - -par t i cu la r ly when the 
effects of external magnetic fields a re introduced into the Hamiltonian or 
when eigenvectors rather than eigenvalues are desired. The RECIP routine 
was kindly lent to us by E. 1. Zornberg . ' who has made several modifica
tions of the original scheme.* 

RANF 

The RANF routine generates a set of pseudorandom numbers uni
formly distributed between 0.0 and 1.0. The numbers a re generated by a 
technique using the multiplicative congruence 

Xn+i = Xn(2"+ 1) modulo 2^'. 
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This technique assumes an - e . e r w„ a wH^h of 31 binary bits ^nd ̂  

truncation of multiplicative overflow. The KAlNi- lun Modifica-
Nancy W. Clark of the Applied Mathematics Division ^^ ^2°^2ulTbe 
tionto other computer systems should be straightforward and would be 
based on the integer word width of the system. 

Several tests have been made of the accuracy of this pseudorandom 
generator. Three Chi square tests of the one-dimensional distribution of 
famples of 10,240 numbers with 1023 degrees of freedom gave '^je - s u l s 
977. 1012, and 926. The 95% confidence interval for this test is (936. 1113;. 

Three Chi square tests of the three-dimensional distribution of 
triples of numbers from these same samples done with 511 degrees of free
dom gave the results 485. 515. and 496. The 95% confidence interval for 
this test is (450, 577). 

For our simple needs this routine considerably overkills the prob
lem of generating pseudorandom numbers . However, other, l e s s -p rec i se 
techniques would not result in any substantial savings of computational time. 

*RF and *RG 

The RF and RG routines generate the two form factors <k |d>and 
<k|H|d>, respectively, used in the interpolation scheme subroutine HSOC. 
The form of both functions is basically J2(x), the ordinary spherical Bessel 
function of order 2. 

*SET UP 

The SET UP routine reads paramete rs into the various common 
block storage locations. The parameters provided in Table I a re appropriate 

TABLE I. The Data for the QUAD Scheme 
Programs for the Bands of Platinum 

Parameter 

MESH 
ND 
HEAD 
CNORM 

P I 
P 2 
P 3 
P 4 
P5 
P6 
P7 
P8 
P9 
PlO 
P U 

Value 

00010 
00060 

THE PLATINUM PARAMETERS 
0.9830 

-1 .0689 
0.0027 
0.0033 
0.6768 

-0.4961 
-0.4845 
-0.0636 
+0.0254 
0.0193 

-0.0003 
1.9493 

Parameter 

P12 
P 1 3 
P 1 4 
P 1 5 
P16 
P 1 7 
P18 
P19 
P20 
P21 

MSIZE 
NT 
TOP 
BOT 

Value 

1.7928 
0.3700 
0.2683 
0.0241 
0.6545 
0.9745 
0.0010 

-0.0023 
-0.0054 
-0.0012 
00036 
01000 
0.8000 
0.2000 



to fee platinum. The platinum energy bands have been fit to the accurate 
and extensive dHvA experiments of Ketterson and Windmiller . ' Note that 
several of the pa ramete r s Pi have nonband s t ructure functions, e.g., P16 
is the Fe rmi energy. The parameter P17 uniformly widens or narrows 
the d-band complex. 

SNORT 

The SNORT routine finds the nine expansion coefficients CEP for 
the cell whose lowest corner point is given by IVEC. The element N69 in 
common block /HOT DOG/ is used as a test location to res t r ic t matr ix 
inversion of TR by MDINV to the first entry of SNORT. Every cell point 
used in SNORT has components res t r ic ted to ±1 or 0. 

*SYM 

The SYM routine is used by the interpolation scheme to symmetr ize 
the Hamiltonian calculated in HELD and HSOC. 

*ZEP 

The ZEP routine calls the various routines used by the combined 
interpolation scheme to give the nine energy eigenvalues appropriate to 
the point CK in the BZ. If the QUAD technique were used with a different 
band s t ructure method, the ZEP routine could be replaced by the appro
priate equivalent. Thus, the generalization of the present method to APW, 
KKR, and OPW band s t ructure methods should be immediate. 

% 
IV. FORTRAN LISTINGS 

The For t ran listings of the main program and the subroutines follow: 

.PROGRAM QUAD 

J 3 6 0 — P E R F O R M MCNTt CARLO I N T E G R A L S 
SO AS TO O B T A I N D E N S I T Y Of S T A T E S 

FOR FCC T R A N S I T I O N METALS U S I N G 
THE C O H B I N E O I N T E R P O L A T I O N SCHEME 

. F . M . M U E L L E R . J . U. G A R L A N D . M. H . C O H E N . AN D K . H . BE NNEMANN. 
JUNE 1 9 6 8 
M O D I F I E D e r S . C . O A S AUGUST 1 9 6 9 

ND I S THE TOTAL N U W E R OF H I S T O G R A M S T A T E S 
NT I S I H E NUMBER 0» P O I N T S PER BOK 
TOP I S THE H I G H E S T E N E R G Y VALl /E 
BOT I S THE LOWEST ENERGY VALUE 

F O R M A T ( F 9 . 6 1 
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4 FORMATdS) 
5 FORMAIUHl , 5X . 'THE TOTAL NUMBER OF POINTS IS '.IS,//I 
6 F0RMAT(5X. 'THE RANGE IS FROM • . F 1 0 . 4 , - : TO ' . F I O . 4 . / / ) 
7 F 0 R M A T ( 1 H 1 . / / / / . 1 0 « . 'THE DENSITY OF TOT»L ELECTRON S T A T E S ' . / Z / I 
10 F 0 R M A T ( 1 H 1 . / / / . 1 1 X . - C E L L ' . 9 X . ' E N E R G Y ' . H X , ' D E N S I T Y OF STATES IN RY 

1 AND E « ' . 9 X. 'TOTAL S T A T E S ' . / / ) 
11 F 0 R M A T ( 5 X . 2 I 5 , 5 X . F l O . 5 , 1 0 X . E 1 5 . 5 , 5 X , E I 5 . 5 . 5 X . E 1 5 . 5 I 
12 FORMAK I S . 15 , 4 E 1 5 . 4 I 
169 0 FORMATdHl . lOX. 'THE TOTAL NUMBER OF PBIINTS USED HERE IS ' . 1 1 5 . / / / 

1 / / / ) 
500 FORMAT( lOX , 31 1 5 . / / I 
502 FORMATdOX , 9 F 1 0 . 4 . / / ) 
505 FORMATdHl . lOX, 'THE TOTAL NUMBER OF K SPACE POINTS I S * . 1 1 0 . / / ) 
2121 FORMATOFIO. 4) 0 0 0 0 2 2 S 0 
2122 F0RMAT13E15.8) 0 0 0 0 2 3 0 0 

DINENSIONI VEC( 3 I . C E P ( 9 . 1 0 ) . 0 K ( 3 ) , C ( 1 0 ) 
DIMENSIONS M I l ( 9 ) , D M I l ( 9 ) . S M I ( 9 ) . D H I 2 ( 9 t . a M I T l ( 9 l , D H I T 2 ( 9 l 
DINENSlaNDENS(2000l . Y5(6 80) 
0IMENSiaN0ME21(9. 300 I . 0 E 2 K 9 ,10 ) .SME l ( f . 300 ) , S E P 1 I 9 . 10 ) .SHE 2 ( 9 . 

8300) ,SEP2( 9 , 1 0 ) . D M E J 1 ( 9 . 300) . D E 3 1 ( 9 , 1 0 » . D M E 3 2 < 9 . 3 0 0 ) . D E 3 2 ( 9 , 
4 3 0 0 ) . D M E 2 2 ( 9 , 3 0 0 > . D E 2 2 ( 9 . 1 0 ) 

OIMENSIONX (34 0 ) . Y 1 < 6 8 0 ) , Y 2 I 6 8 0 ) ,Y3 <6 8 0 t . Y4( 34 0) . X l < 6 8 0 ) 
DIMENSION EMESH(9 ,2000) . I P ( 2 5 . 2 5 . 2 5 ) . ICf 3 .20 00) 

l .CK( 3).EG( 9 ) 
DIMENSION ADV(3) 

C 
REAL'S d i s r c 1 3 , 5 0 0 ) . H 0 S T ( 1 3 . 5 0 0 ) . H L 0 U ( I 3 ) . S U M . S N U M . S C 

C 
COMMON/OURU/DME21,DE21,SME1,SEP 1 , SME2.SEP 2 . D M E 3 1 . D E 3 1 . D M E 3 2 . D E 3 2 . 

7DME2 2 .DE22.SMI ,SMI 1.DM 11.DM 12.DMIT1.DM1T2 
COMMON /DEBUG/ HIST .HOST 00003350 

C0MM0N/H0TD0G/N69 
COMMON/BLOK/EMESH.MESH,IK.NTOT.MC.IP 

C 

C SET CONSTANTS 
N59 = 0 
SQ3 = SaRT( 3 . ) 
DD U l I = 1 . 1 3 
HLOW(I) = 0. ODO 

U l CONTINUE 
C 
C , . . . . , , . , • » • • • • • • • • . » . . . . . . , « , , , , , , , „ , 
c • " • • • • • • • . . . . . . . . . . . . . , . 
C SET THE MATRIX OF MESH POINTS AND THE WUMBER OF CALLS 

READ ( 5 . 4 ) MESH 
READ ( 5 . 4 ) ND 
XND=ND 

C 
C SET UP OATA FROM CARDS 

CALL SET UP 
C PARAMETER DEFINIT ION COMPLETED 

C FILL UP LATTICE POINTS 
CAILL ALL 

C 
c . . . . . . , , , , , , , , , , , , , , , , , „ , , , , , , , , , , , ^ ^ ^ 
c ' • " • * " • • • • • • . • • • » . . . . , . . , , , 

WRITE (6.505) NTOT 
DO 102 nc = l.NTOT 

http://DME31.DE31.DME32.de
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U R I T E ( 6 . 5 0 0 ) ( I K d . N C I . I = 1 . 3 ) 
U R I T E ( 6 . 5 0 2 ) (EMESH ( J 6 . N C ) . J 6 = 

102 
C 

C 
c 

WRITE ( 6 . 5 0 2) 
W R I T E ( 6 . 5 0 2 ) 
U R I I E ( 6 . 5 0 2 ) 
WR I T E ( 6 . 5 0 2 ) 
W R I T E ( 6 . 5 0 2 ) 
W R I T E ( 6 . 5 0 2 ) 
CONT INUE 

SET UP SCALE 

(0ME2I 
( DME22 
( DME3I 
( DME3? 
(SMEl 
(SME2 

( J 6 , 
( J 6 . 
( J 6 . 
( J 6 . 
( J 6 , 
( Jb, 

>NC), 
.NC) . 
, NC), 
, NC), 
.NC) . 
>NC), 

,J6I = 
. J6 = 
, J6 = 
, J6 = 
, J6 = 
,J6I = 

1 . 
1 
1 , 
1 
1 
1 

, 9 ) 
.9 ) 
, 9 ) 
. 9 ) 
.9 ) 
. 9 ) 

IMESH=2«MESH • ! 
XL = I MESH-1 
SCALERS./XL 

c 
C CLtAR HISTOGRAMS ANO SET UP PARAMETERS 

0 0 6 2 1 : 1 . N D 
00 62 J = 1 . 1 3 
H I S T ( J . I ) = O.ODO 
H O S T ( J , l ) = O.ODO 

62 CONTINUE 
C 

READ(5 .4 )NT 
READ(5. D T OP .BOT 
DEL= (TOP-BOT ) /ND 
NW = MESH-MESH'MEStK NT 
W R I T E ( 6 . 1 6 9 ) NU 
WRITE(6 .5>NT 
WRITE(6 .6 )BOT,TOP 

SNUM=0. 
MD=2«ND 

C 
C x x ' o . • . . . 
C BEGIN LOOP ON INDIVIDUAL LATTICE BOXES 
C • « • • • « . V . 
c 

D O l O O I X ^ l . ME SH 
D0100IY = 1 , MESH 
D 0 I 0 0 I Z ' = 1 . ME SH 

c 
IVEC d ) = IX 
IVEC(2)=IY 
IVEC(3)=I2 

c 
C SE T UP COEFF IC lENTS 
C 
C « » . > . » • • • CALLSNORT( I VECCEPt 
C • • • • • • • • • • 
c 
C RUN ON INNER LOOP USING EXPANSION COEFFtCIENTS 
c 

0050NC=1,NT 
C SCALE UP VECTORS 

0063 1 = 1. ) 
DK ( I ) = RANF ( - l ) « 2 - l 

63 CONTINUE 
C READY TO ADO AND CALL CELL 

CALLCELLIDK.C) 
C LOAD IT IN 9 LEVELS 
C 
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D0 40JC=1.9 

ER=0. 
PD1=0.0 
PD2=0.0 
PD31=0.0 
PD32=0.0 
P S 1 = 0 . 0 
PS2=0.0 

0 0 3 0 I G = 1 , 10 

ER=ER»C( IG )»CEP(JC. IG» 
PS1=PS1*C( IG ) ' S E P U J G , I C ) 
PS2=PS2*C( IG) 'SEP2( J G , I G ) 
PD1 = PD1*C( IG )»DE21<JG, IG) 
PD2 = PD2*C( ! G ) ' 0 E 2 2 ( J C . IG) 
PD31=P031»C< IG)»DE31(JC, IC) 
PD32=PD32*C( IG)«DE32(JG, IC) 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . > • 
30 CONTINUE 
C , , , , . , . , . . , . . , . , . . . . . . . . . 
C 

I F ( E R . L T . 8 0 T )G0T08S 
IF (ER.GT.TOP )G0T08O 
NSET=(ER-BOT ) / D E L * l . 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . 
C COUNT TWO ELECTRONS 
C . . • . . . . . . . . . . . . . . . . . . . > . . . . . . > > . • . • . • < • • • • . . • • • • • 
C 

HIST (13,NSET ) = HIST(1 3, NSET ) + 2 . 0D0» (P S1»PS2 ) 
C 
80 CONTINUE 

GO TO 86 
85 CONTINUE 
C 

HLOH(JG) = HL0W(JGI*2 .0D0 
HLOWdO) = HL0W(1C»*2.0D0 
HLOWdK = H L 0 W d l l . 2 . 0 D 0 » ( P 0 1 * P D 2 ) 
HL0W(12) = HL0H(12 I .2 .0D0» (PD31*PD32 ) 
HLOWdi l = H L 0 W ( 1 3 I . 2 . 0 D 0 » ( P S 1 * P S 2 ) 

C 
86 CONTINUE 
C 

SNUM = SN0M+2. ODO 
C 
40 COJ^TINUE 
50 CONTINUE 
100 COWTJNUE 
C» 
C RENORMALIZE TO PROPER NUMBER OF ELECTROHS 
C» I 
C 

SC = 18.0D0/SNUM 

DO 110 J = 1 , 1 3 
SUM = HLOW (J )»SC 
001101 = 1,ND 
H I S T ( J , I ) = H I S T ( J , I » . S C 
SUM=SUM.HIST ( J . I ) 
HO ST ( J . I ) = SUM 

C CONVERT TO DEMSITY 
H I S T ( J . I ) = H I S T ( J . I ) /DEL 

n o CONTINUE 
C 
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c» • • • 
C SET UP THE OUTPUT 

DO 3 0 0 K = 1 , 1 3 
WR I T E ( 6 . 7) 
NG=N0/5S 
0 0 2 C 0 M 1 , N G 
WK I T E ( 6 . 1 0 ) 
NT OP = I ' 5 5 
NBOT=NTOP- 54 
D0200J=NB0T.NTOP 
ENC= J - 1 

ENG=ENC«DE L* BOT 
HS=HIST(K. J) / 1 3 . 5 9 
W R I T E ( 6 . 1 1 ) K . J . E N C . H I S T ( K . J ) , H S , H O S T ( K . J ) 

C PUNC H12.K. J . ENG. HIST ( K , J ) .HS,HOST( K. Jl 
200 CONTINUE 
30 0 CONTINUE 
C 
C« 

STOP 
END 

SUBROUTINE ALL 

J 3 5 3 - F I L L S ALL POSSIBLE LATTIC POINTS 
NOTE THAT IK I S ONt HIGHER THAN 2ER0 

.F . M . MUELLER. J . W.GARLAND. M.rt.CDHEN. AND I . H. BENNEMANN. 
JUNE 1968 
MODIFIED BY S.C.D4S AUGUST 1969 

MESH IS NUMBER OF CfLLS FROM 
GAMMA TO X 
IK SORTS VEC TORS.EMf SH ARE EIGENVALUES 
NTOT IS THE NUMBER UF DOUBLE CELL POINIV 

0IMENSI0NDME2 1 ( 9 . 300 ) . D E 2 1 ( 9 . 1 0 ) , S M E 1 (V . 3 q O ) . S E P l ( 9 . l O ) . S M E 2 ( 9 . 
8 30 0 ) . S E P 2 ( 9 . 1 0 ) , D M t l l ( 9 . 300) . D E 3 1 ( 9 . 1 O I . D I l E 3 2 ( 9 . 3 O 0 ) . D E 3 2 ( 9 . 
4 3 0 0 ) . 0 M E 2 2 ( 9 . 3 0 0 ) . n i 2 2 ( 9 . 10) 

0 1 MENS IONS M I 1 ( 9 ) . 0 M I 1 ( 9 ) , S M I I 9 ) . 0 M I 2 ( 9 I . D M I T U 9 ) , D M I T 2 ( 9 ) 
DIMENSION E M E S H ( 9 , 2 a O O ) . I P ( 2 5 . 2 5 , 2 5 ) . l « 1 . 2 0 0 0 ) 
DIMENSION BK (3 ) . E G I 9 ) 

C 
COMMON/CURU/OME21.l)E21.SMEl . S E P I . S M E 2 . S I P 2 . D M E 3 1 . 0 E 3 1 . DME32.0E32 , 

TDME2 2.0E22 , S M I , S M I 1 . 0 M I 1 . 0 M I 2 . D M I T 1 . OMlf2 
CGHM0N/8L0K/EMESH.MESH,IK.NTOT.MC. IP 

C 
C»»»» « 
C DEFINE AND F ILL-UP EMESH AND IK 
C " • • • • « • • • • 
c 
C FOLLOWING ASSUMES F . C . C . LATTICE 
c 

IMESH=2.MESH»1 
C IK FIRST 

INDEXED 
C 

D 0 5 0 I T = 1 . I MESH 
0 0 5 0 I X = 1 . I T 
0 0 5 0 1 2 = 1 . I X 

C 
C PUT I N L PLANE 

|T = I X » l t « I 2 - 3 

http://SEPI.SME2.SIP2.DME31.0E31


I F ( M E S H . 3 . L T . I T ) GOT050 

C 
I N D E X = l N 0 E X < - 1 
I = I N 0 E X 
I P d X, l Y . I Z ) =1 NDEX 
I K ( 1 . I ) = ^ X 
I K ( 2 , I ) = 1 Y 
I K ( 3 . I I : | Z 

C 
5 0 CONTINUE 

C 
N T O T = I N D E X 

C 
C , . , . , , . . . , . , . . . . . . . . . . . . . • . . • . . . • . • • • . • < • 

C IK NOW DONE 
C . . . . . . . . . . . . . . . . . . . . . . . . . . • • . • • • • . < • > • • < ' • 

c 
C SET SCALE OF ZONE 
C 

X L = I M E S H - 1 

SCALE = 8 . / X L 

C 
C LOAD EMESH 
C 

0 0 1 0 0 1 = 1 . N T O T 

C 
C R E S E T VECTOR SO THAT CAMMA=ZERO 
C 

D 0 6 0 J = 1 . 3 
B K ( J ) = ( 1 K ( J . I ) - 1 ) > S C A L E 

6 0 C O N T I N U E 
C 

C CALL MATRIX AND E I G E N V A L U E R O U T I N E S 
C 

CALL ZEP ( B K . E C ) 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

C F I L E INTO EMESH 

c 
0 0 70 J= 1 . 9 

C 
E M E S H ( J . I ) - E C ( J ) 
S M E K J , I ) = S M I 1 ( J ) 

SME2( J . 1 ) = S H I ( J ) 
0 M E 3 1 ( J . I ) =DMI T K J I 
D M E 3 2 ( J , I ) - D M I T 2 ( J l 
D M E 2 l ( J . I ) = O M I 1 ( J ) 
D M E 2 2 ( J . I ) = D M I 2 ( J I 

C 
7 0 CONTINUE 

C 

1 0 0 CONTINUE 
C 
C . . . . . , . , . . , , . , , . . , . , . , , . , , , , , , , , , , , , , , , , , 

C MESH LOADED 
C . . . . • . . . . . . . . . • . . . , , . . . . . . . , . , . , , , , , , , , , , 
C 

RETURN 
END 

S U B R O U T I N E C E L L ( B K . C I 
C . . . . , . . . . . , . , , , , . , . . . , „ , , , , , , , . . , , , . . „ . . . , . , . . . 
C J 3 5 1 - F 0 R USE I N D E N S I T Y OF S T A T E S 
C NOTE THAT A D I F F E R E N T SET OF E X P A N S I ON F UNCT I O N S 
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CAN BE USED BY M O D I F Y I N G T H I S R O U T I N E 
.F . M . M U E L L E R . J . W . G A H L A N D . M . H . C O H E N . A N D I . H . B E N N E M A N N -

JUNE 1 9 6 8 

D I M E N S I O N B K I 3 ) . C H O I 

SET UP V A L U E AT T H I S P O I N T OF KSPACE 

S Q 3 = S O R T ( 3 . ) 

C ( l ) - 1 . 
C ( 2 ) = B K ( 1 I 
C ( 3 I = B K ( 2 I 
C ( 4 ) = B K ( 3 ) 
C ( S ) = B K ( I ) . B K ( 2 ) 
C ( 6 ) = B K d I . B K ( 3 ) 
C ( I 7 ) = B K ( 2 ) • B K ( 3 ) 
C ( 8 ) = ( B « 1 1 ) • BK ( U - B K ( 2 ) > B K ( 2 ) > « . 5 

C ( I 9 ) = . 5 . ( 3 . • B K ( 3 ) » l « ( 3 ) - l . ) / S Q 3 
C( 10 ) = B K d )« BK( 1 ) * H K ( 2 ) • BK ( 2 ) •BK ( 3 ) • BK« 1 ) 

R E TU R N 

END 

FUNC T I O N CON V 0 ( X) 

C 

C • • • • • • • • • • 
C T H I S F U N C T I O N I S A DUMMY 
C OTHER ENTRY TO C O H V E R I FROM FORTRAN 2 TO FORTRAN 4 
C« • • • . « • 

c 
C F . M . M U E L L E R MARCH 1 9 6 6 
c • 
c • • • • • • • • • 
c 

CONVO = 
RE TURN 

1 

ENTRY ABSF ( X ) 
ABSF = A B S ( X ) 
RE TURN 

ENTRY COSF ( X ) 
COSF = C O S ( X ) 
RE TURN 

ENTRY S I N F ( X ) 
S I NF = S 1 N ( X ) 
RE TURN 

ENTRY S O R T F ( X ) 
SQRTF ^ S O R T ( X ) 
RE TURN 

ENTRY S I G N F ( K. Y) 

S I GNF = S I G N ( X . Y I 

R E TU R N 

END 
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SUBROUTINE EIGENB(NSUB.NEV.M.ACC) . . . . . 

C MODIFICATION OF AM.F202 

C 
2 

DIMENSION A ( 3 6 . 3 6 ) . R ( 3 6 . 3 6 ) , V A L U ( 3 6 ) , V « U L ( 3 6 ) , D I A G ( 3 6 ) , S U P E R D ( 3 6 » . 3 
1 Q(3 6 ) , S ( 3 6) . C ( 3 6 ) . 0 ( 3 6 ) . I N D ( 3 6 ) . U ( 3 6 ) 

COMMON A.VALU 
2 N = NSUB 

C 
C CALCULATE NORM OF MATRIX 
C 

C 

3 AN0RM2=0.0 
4 DO 6 1=1.N 
5 DO 6 J=1.N 

I F ( A B S ( A ( I . J ) ) . L T . 1 E - 1 2 ) A ( I . J ) = 0 . 0 
6 AN0RM2 = A N 0 R M 2 * A ( I . J » > ' 2 

C GENERATE I DENT ITY MATRIX 9 
7 ANORM=SQRT ( AN0RM21 I** 
9 I F ( M ) 1 0 . 4 5 . 1 0 " 

10 DO 4 0 1=1, N 1-2 
12 DO 4 0 J = l , M 13 
20 IF d - J I 3 5 , 2 5 , 35 1 * 
25 B ( I , J ) = 1 . 0 15 
30 GO TO 40 16 
35 B ( I , J ) = 0 . 0 17 
40 CONTINUE I B 

C 18 
C PERFORM ROTATIONS TI) REDUCE MATRIX TO J«COBI FORM I S 
C 18 

DIMENSION UVEC(36 ) .PVEC(36 ) , aV£C(36 ) 19 
45 CONTINUE 20 
50 NN:N-2 21 
52 IF (NN) 89 0 . 1 7 0 . 55 22 
55 DO 160 1=1.NN 23 
58 1 1 = 1 * 1 24 
60 1 2 = 1 * 2 25 
65 SUM=0.0 24 
68 DO 7 0 J = I 2 . N 27 
70 SUM=SUM*A( I . J )«»2 28 
72 IF ( SUMl 7 5. 160 . 75 29 
75 SUM = SQRT ( SUM* A d .11 ) • . 2 ) jO 
80 WVEC(I1I = S0RT ( 1.0*ABS (A( I . I 1) ) /SUM) 31 
82 DIV = SIGN ( S U M . M V E C d D . A d . I l ) ) 32 
83 DO 85 J = I 2 . N j j 
85 HVEC(J) = A( I . J ) / D I V , -
88 N I = N - I j 5 
90 CALL MATMPY ( NI . N l . UVEC ( 11) , A d l , I 1 ) , P « C ( 11 I ) 36 
95 CALL MATMPY (1 . NI .WVEC d 11 .P VEC ( I 1 ) , SCJU. AR ) 17 
98 SCALAR=0,5'SCALAR f l 

100 DO 105 J=I 1 , N j „ 
105 QVEC(J)=PVEC(J)-SCALAR.WVEC(J) 10 
112 A( I , I 1 ) = - S I G N ( S U M . A d . I D ) T, 
114 DO 120 K=I 1,N 7 i 
116 DO 120 L=I l . K ^1 

118 « ( K . L ) = A(K.L )-(WVEC«KI»OVEC(L)+WVEC( LI«f lVEC(K») 44 
I F ( A B S ( A ( K . L ) ) . L T . 1 E - 1 2 ) A « K . L ) = 0 . 0 

120 A ( L . K I = A(K,L ) ._ 
125 IF ( M I 1 3 0 . 160 . 130 2 ' 
130 CALL MATMPY ( N . N I . MV EC( 11 I .B ( 1 1 . 1 ) , Q VECI 1? 
140 DO 150 K = I 1 . N ; ' 
145 DO 150 L=1 ,N * " 
150 B ( K . L ) = 8 ( K , L ) - M V E C I K ) . Q V E C ( L ) Zl 
160 CONTINUE „ 

C 51 

C MOVE JACOBI FORM RBMENTS AND I N I T I A L I r t EIGENVALUE BOUNDS " 



1/0 DO 2 00 l = l , N 
VALU ( l )=ANORH 
VALL ( I ) = - l . • ANORM 

200 0 1 A C ( I I = A( I , I ) 
210 DO 2 30 1 = 2 .N 
220 S U P E R O d - l )= A( 1 - 1 . l l 
230 0( l - l ) = (SUPE RD( l - U I . » 2 

C 
C DETERMINE SIGNS OF PRINCIPAL MINORS 

2 35 
240 
260 
2 70 
275 
277 
280 
290 
300 
310 
320 
310 

3 35 
340 
345 
350 
355 
360 
370 
380 
390 
395 
4 00 

rAU = 
1 = 1 
MA TC 
T2 = 0 
T l = l 
00 4 
P=DI 
IF ( T 
I F ( T 
T=P. 
CO T 
IF ( T 
T 11=-
T=-P 
GO T 
T l = l 
T = P 
CO T 
IF (0 
IF (T 
T = - l 
GO T 
T =11. 

0 . 0 

H=0 
. 0 
. 0 
50 J = l , N 
A C ( J ) - T A U 
2) 1 0 0 . 3 3 0 . 
I I 1 1 0 . 3 7 0 . 
T l - g ( J - 1 ) • T2 
0 4 10 
I ) 1 3 5 . 35 0 . 
1 . 0 

0 410 
. 0 

0 410 
( J - 1 ) ) 
2) 4 0 0 . 
. 0 
0 410 
0 

30 0 
310 

3 8 0 . 3 5 0 . 1 8 0 
3 9 0 . 390 

4 1 0 
420 
425 
4 30 
440 
442 
443 
445 
4 5 0 

460 
465 
470 
480 
490 
520 
525 
530 
540 
550 
560 
570 
5 75 
5 80 
585 

COUNT AGREEMENTS IN SIGN 

IF (T I ) 425 . 4 2 0 . 420 
IF (T ) 4 4 0 . 4 30 . 4 30 
IF ( T ) 410 . 4 4 0 . 440 
MATCH=MATC H* 1 • 
IF (ABS ( r ) - 1 . 0 E 2 0 l 4 4 5 . 4 4 5 . 4 4 2 
T I = T l / T 
T = 1 . 0 
T 2 = T 1 
I 11= T 

ESTABLISH TIGHTER H)UN0S ON EIGENVALUES 

00 5 30 IC=1 .N 
IF (K -MAICH) 4 7 0 . 4 f 0 . 520 
IF (TAU-VALL( K) ) 510 . 5 3 0 . 480 
VALL(K)=TAU 
CO TO 510 
IF ( T AU-VAL U( K) ) 5 2 5 . 5 3 0 . 530 
VALU(K)=TAU 
CONT INUE 
IF ( V A L U d ) - V A L L ( I I - A C C I 5 7 0 . 5 7 0 . 5 5 0 
IF ( V A L U d ) ) 5 6 0 . 5 8 0 , 560 
IF (ABS ( VALL( I ) /V« l U( I ) - l . C ) - A C C ) 5 7 0 . » 7 . 0 , 5 8 0 
1 = 1*1 
IF ( l-NEV ) 5 4 0 , 5 4 0 , S 9 0 
T A U = ( V A I . L ( I ) * V A L U ( l l ) / 2 . 0 
GO TO 260 

JACOBI EIGENVECTORS BT RQTATIOAL TR I AN GULAR I 2 AT I ON 

IF ( M ) 5 9 3 , 8 9 0 , 593 

51 
52 
51 
5 * 
55 
56 
57 
58 
58 
58 
58 
59 
60 
61 
62 
6 1 
6 « 
6S 
66 
67 
68 
69 
70 
T I 
72 
7 1 
74 
7S 
7 * 
77 
78 
79 
80 
81 
8 1 
8 1 
8 1 
82 
83 

87 
88 
89 
90 
9 0 
90 
9 0 
9 1 
92 
9 J 
94 
9S 
9k 
97 
98 
99 

100 
101 
102 
1 0 1 
104 
lOS 
I OS 
l O S 
lOS 
104 
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107 
593 CONTINUE * " • 
595 DO 610 1=1.N 109 
600 00 610 J = 1 . N 110 
610 A ( I . J ) = 0 . 0 111 
615 DO 850 1 = 1.N 112 
520 IF ( I - 1 I 6 2 5 . 6 2 5 . 6 2 1 113 
621 IF ( V A L U ( I - l l - V A L U « l l - 5 . 0 E - 7 ) 7 3 0 . 7 3 0 . 6 a ^ j ^ 
622 IF ( V A L U ( 1 - 1 ) ) 6 2 3 . 6 2 5 . 6 2 3 7 , » 3 0 . 7 30. 625 1 ' * 
623 IF (ABS ( V A L U d ) / V A L U ( I - l ) - 1 . 0 ) - 5 . 0 E - 7 » r 3 0 , 7 3 0 . 6 2 5 ^ j ^ 
525 C0S=1.0 117 
628 S I N = 0 . 0 118 
630 DO 700 J = l , N 119 
635 IF ( J - 1 1 6 8 0 , 580,640 120 
540 T=SQRT < T I • • 2 * T 2 > ' J l 121 
545 C0S=T1/T 122 
648 S IN=T2 /T 123 
550 S ( J - 1 ) = S I I » 1 2 * 
550 C(J -1 )=C0S 125 
670 D ( J - l ) = r i » C 0 S * T 2 « S I N 126 
580 T1= (D IAG(J I -VALU( I I I ' C O S - B E T A . S I N 1 „ 
590 T2i=SUPERD( J ) 

897 F0RMAT(8E12.4) j ^ g 
700 BETA=SUPER0( J)»COS 129 
710 D(N) = T1 130 
720 00 7 25 J = l .N 1 31 
725 I N 0 ( J ) = 0 132 
730 SMALLD=ANORM I 3 3 
735 DO 780 J = l . N j , ^ 
740 IF ( I N O ( J ) - 1 )750 .78O.78O 
750 IF (ABS (SMALLO)-AHS (0 ( J I ) ) 7 8 0 . 7 8 0 . 76» ^ ^ ^ 
750 SMALLD=0(J) j j 7 
770 NN=J . I j g 
780 CONTINUE 1 , „ 
790 IND(NN)=1 
800 PRO0S=1.0 
805 IF ( N N - 1 ) 8 1 0 . 850. »I0 
310 DO 840 K=2.NN 
820 I I=NN*1 -K 
830 A( II *1.I )=C( II ),PRi|OS 
840 PRODS=-PROOS»S( I I ) 
850 a( 1. I )=PRODS 

C FORM MATRIX PRODUCT lOF ROTATION MATRIX WITH JACOBI VECTOR MATRIX 146 
C 

855 DO 885 J = l . N 
860 00 8 55 K= l .N 
865 J ( K ) = A ( K . J ) 

140 
141 
142 
143 
144 
145 
146 
146 

146 
147 
148 

885 CALL MATMPY( N . N . U . I l . A ( l . J ) ) 150 
890 RETURN 

END 

SUBROUTINE F I L L 
C . , . , , , , . , , . , . , . . . . . . . . . . . . . . . . . . . . . , . . . , . . . , . . , . . , . . . . . . . . . . . . . . . . . . . « • » . . 
C RETURNS THE SYMMETRIZED SPIN ORBIT MATRIX 
C F.M.MUELLER MARCH 1«>56 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . , . , . , . , . , . , . , , . . . , , . . . . . . . . . . . 
c 

DIMENSION A D d 2 ) . ALC 20 .9 ) .D IFE 'R (2 0 ) , B K I I ) 
DIMENSION SOB( 36,361 ,EV( 3 6 ) , 0 ( 5 ) 

C 
COMMON SOB.EV.VO. V I . V 2 . V 3 . V 4 . E N G L . 0 . T , E U . R 0 , R 1 . E P . AD .AL .D IFER.BK 

C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . , . , . , , , , , , , . , • , , , , , , , „ „ , , . , , , . , . , , . . , . . . . . . . . . 
c 

C=SQRTF(3.) 
C 
C SET UP THE IMAGINARY PARTS 



23 

so B( I . 221 = 
S 0 B ( 1 , 2 9 ) = 
SOB ( 2 , 211 = 
S 0 B ( 2 , 2 8 ) = 
S O B ( 3 , 2 0 ) = 
SOB( 3, 31 ) = 
S a B ( 3 , 3 2 ) = 
S 0 B ( 4 , 1 9 I = 
S O B ( 4 , 3 0 I = 
S O B ( 5 , 3 0 ) = 
SOB( 1 0 , 2 0 ) = 
S 0 B ( I 0 , 3 1 > = 
SOB( 12 ,221 = 
S O B ( I 2 , 2 3 l = 
S 0 B ( 1 2 , 2 9 I = 
SO B ( 1 1 , 1 9 ) = 
S 0 B ( 1 I , 1 0 I = 
S 0 B ( 1 3 , 2 1 ) = 
S0B( 13 ,281 = 
SOB( 1 4 , 2 1 ) = 

2 . -EP 
- E P 
-EP 
EP 
EP 
-EP 
- C E P 
- 2 . » E P 
EP 
C»EP 

- E P 
- 2 . 'EP 

-EP 
- C E P 
-EP 
EP 
EP 
EP 
2 . ' E P 
C«EP 

SET UP THE REAL PARIS 

C 
30 
C 
C« ' 

SOB( 1 .12 ) = 
SOB( 3. 10) = 
S 0 B ( 2 . 1 1 I = 
S 0 B ( 2 . 1 4 ) = 
S 0 B ( 4 . 1 I * = 
S a B ( 5 . I l l = 
S0B( 19. 101 -
S 0 B ( 2 1 , 2 8 I = 
S O B ( 2 0 , 1 I I = 
S O B ( 2 0 . 3 2 ) = 
S 0 B ( 2 2 , 2 9 ) = 
S 0 B ( 2 3 , 2 9 ) = 

EP 
-EP 
- E P 
C*EP 
EP 
-C 'EP 

EP 
-EP 
-EP 
C'EP 
EP 
- C E P 

DO 3 0 I = 1 , 9 
DO 30 J = 1,9 
00 30 K = 1 . 3 

H = l * 9 . K 
N = J*9»K 

SOB( M.NI SOB( I ,J» 

CALL SYM(SOB. 36) 

RETURN 

END 

SUBROUTINE HELD 

SUBROUTINE TO CENElOTE 0 PORTION OF HANHLTONIAN 

THE ORDER OF THE IS SIS STATES IS GIVER BY. 
THE FIRST I S XY 
THE SECOND IS XZ 
THE THIRD I S YZ 
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C THE FOURTH I S ( X . « - Y » Y ) / 2 
C T H E F I F T H I S ( 3 . Z . / - 1 ) / ( 2 ' S O R T ( 3 ) ) 

C 

c 
C F.M.MUELLER MARCH 1 966 

C 
C' 

DIMENSION PR EM ( 1 6 ) . BK( 3 ) . 0 ( 5 1 . AD( 1 2 ) . SI 1 5 . 35 I .E V( 3 6 ) . E C ( 9 I 

DIMENSION A L ( 2 0 , 9 ) . n IFER(20) 

' C O « M O N ' S ! E V . V 0 . V 1 . V 2 . V 3 . V 4 . E N C L . D , T . EL.KO. R 1 .EP . A .AL.OIFER.AK 

1.CNORM.liSIZE ^ , , . , , , . , 
c . , . . . . . . . . . . . . . . . . . . . . « • • • » • • • • • • • • • • • • • ' " • • • • ' " * • " " 

c 
C SET CONSTANTS 
C 

PI = 3 . 1 4 1 5 9 2 5 5 

B = SORTF( 3 . 0 ) 

C 
C SET V A R I A B L E S 
C 

X = P | . A K ( l ) / 8 . 
Y = P I * A K ( 2 ) / 8 . 
Z = P I , A K ( 3 ) / 8 . 

C 
C SET C O S , S I N F U N C T I I I N S 
C 

CX = C O S F ( X ) 
CY = C O S F ( Y ) 

CZ = C O S F ( Z ) 
SX = S I N F ( X ) 
SY = S I N F ( Y ) 
SZ = S I N F ( Z ) 
C2X = C O S F ( 2 . • X) 
C2Y = C O S F ( 2 . ' Y ) 
C 2 Z = C 0 S F ( 2 . ' Z ) 
S2X = S I N F ( 2 . ' X ) 
S2Y = S I N F ( 2 . » Y ) 
S 2 Z = S INF ( 2 . . Z ) 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , , , . , . . , , . , . , . , . . . . , 

C GENERATION OF THE MATRIX ELEMENTS 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , 

c 
C THE D I A G O N A L TERMS 

H d . l ) = A ( 1 ) * 4 . > A « 2 ) « C X < C Y * 4 . » A ( 3 )» ( C « . C Z * C Y " C Z ) 
1 * 2 . « A ( 9 ) M C 2 X * C 2 Y ) . 2 . . A ( 1 0 ) « C 2 2 

H ( 2 , 2 ) = A( 1 ) * 4 . , A ( 2 ) . C X * C Z * 4 . « A ( 3 ) » ( C « » C Y * C Z ' C Y ) 
1 * 2 . ' A ( 9 I » ( C 2 X * C 2 Z ) * 2 . » A ( 1 0 ) * C 2 Y 

H ( 3 . 3 ) = A d ) * 4 . , A « 2 ) . C Y > C 2 * 4 . ^ ( 3 ) • ( C « . C Y * C Z » C X ) 
1 * 2 . ' A ( 9 | . ( C 2 Y * C 2 Z ) . / . » A ( 1 0 ) » C 2 X 

H ( 4 . 4 ) = A ( 6 ) * 3 . « A « 7 ) » ( C X . C Z * C Y * C Z ) * A ( « » > ( 4 . . C X . C Y * C X * CZ * C Y » C Z ) 

1 * ( 1 . 5 1 , A d 1) . ( C 2 X * C 2 Y l * ( 0 . 5 ) » A ( 1 2 ) . ( C 2 I » C 2 Y * 4 . • € 2 2 I 
H ( 5 . 5 I = A ( 5 ) * A ( 7 ) . ( 4 . . C X . C Y * C X . C Z * C Y . t 2 ) * 3 . . A ( 8 ) » ( C X » C 2 * C Y « C Z ) 

1 * ( 0 . 5 ) , A ( 1 1 ) , ( C 2 X * C / Y . 4 . • C 2 Z ) * ( 1 . 5 ) < A ( 1 2 ) » ( C 2 X * C 2 Y 1 

C, , . „ . . . , . . . , . . , , . . , . . , „ . . . , , , , , , , . , , , , , , , „ , , , , , , , , , ^ ^ ^ ^ ^ ^̂ ^̂ ^̂ ^̂  ^̂  
C THE O F F - D I A G O N A L IFRMS 
C 

H ( l , 
H( 1 , 

H( 1 , 
H( 1 , 
H ( 2 , 
H ( 2 , 
H ( 2 , 

. 2 ) 

. 3) 

4) 

, 5 ) 
, 3 ) 
, 4 ) 
, 5 ) 

= - 4 . .A ( 4 ) . ' > r ' S Z 
= - 4 . > A ( 4 ) » ' . « . S Z 

= 0 . 

= - 4 . . A ( 5 ) » S « , S Y 
= - 4 . ' A d D . S X ' S Y 
= 2 . » B ' A ( 5 ) . S X . S Z 
= 2 . • A( 5 ) , S X . S Z 
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H ( 3 , 4 I = - 2 . . B«A(5 )»ST .SZ 
H( 3 ,5 I = 2 . • A(5 )»ST.SZ 
H ( 4 , 5 ) = B«A (7 ) . ( C X . C Z - C Y . c z ) - B * A ( 8 ) » ( C « ' C Z - C Y « C Z ) 

1* ( 0 .5 ) « 8 ' ( A( 11 ) - A ( l . ' ) l • ( CZY-C2X) 
C 
C • • • « . • • • • • • 
c 

RE TURN 
END 

SUBROUTINE HSOC 
C 
C ' « * 
C T H I S RCIIITINE CALCUIATES THE OPW-O STATE INTERACTION BLOCKS 
C F.M.MUELLER MARCH 1956 
C 
c 

DIMENSION GC(4 ) . G F ( 4 ) . G N ( 4 ) . E S ( 5 . 4 ) . A K ( 4 . 31 
0 IMENSION S( 36 . 3 6 ) . F V(36 ) . 0 ( 5 I . D I F E R ( 2 0 I .BK( 3 I , A L ( 2 0 . 9 ) , A 0 d 2 ) 
DIMENSION CK ( 3 ) . Z K ( * , 11 

C 
C 0 M M 0 N S . E V , V 0 . V I . V 2 . V 3 . V 4 . E N G L 
COMHOND.T .EL .RB.RA. IP .AD.AL,OIFER,BK 
COMMON/THIEF/AK 

C»< 
C 

C 

C 

C 

3 

C 

C 

c 

c 
94 
C 

CALL RECIP(BKI 

DO 2 I = 1 ,4 

CO = 0 . 

DO 3 J = 1 . 3 
CK ( J ) = AK ( I . J ) * 8 K I J ) 
Z K d . J l = CK( J ) 
GO = CK« J l •CK( J) *G0 
GI = SORT (CO) 

TEST=ABSIG I I 
BEST = l 0 . E - 2 0 

IF ( lES I .GE .BEST)G0 ln94 

CI =1 . 

COWTINUE 

A = C K ( 1 ) / C I 
B = C K ( 2 I / G I 
C = C K ( 1 ) / C I 

C 

C 

C 

50 
C 

E S d . 1 ) = A«B 
E S ( 2 . I ) = A* C 
ES ( 3. I I = 8« C 
E S ( 4 . I I = . 5 « ( A » A - e . B I 
E S ( 5 . I I = .5»S0RT «1 . / I . ) . ( 3 . ' C ' C - l . ) 

CALL RC<GI . 2 . T . R B ) 

M = 1 * 5 

00 50 J = 1 . 5 

S( J . M I = ES( J . D ' Z 

CC( I ) = Z 

CALL R F » C I . 2 . E L . R A I 

http://CX.CZ-CY.cz
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c 
GF d I = Z 
G N d ) = SORT ( l . - G F I I I ' C F ( l ) / 3 . 1 

C 
2 S(M.M) = G 0 ' E N G L / 4 » . *V0 
C , . , , , , . . . . . . . . . « . • • » » • • • • • • • » • • • 
C. . , . , . , . . . . . . . . . . . . . . . • • » • • • • ' - < • • • • • • • • • • " * 
C DEFINE OFF D I AGONAL lELEME NTS , , „ , , „ , , , . , , , , . , . . . . . . . . . . • • . 

C 
S ( 6 . 7 ) = V I 
S ( 6 . 8 ) = V 2 
S ( 6 . 9 ) = V I 
S ( 7 . 8 ) = V I 
S ( 7 . 9) = V2 
S ( 8 . 9 ) = V I 

C 
00 10 I = 6 . 9 

C 
M = 1-5 

C 
DO 10 J = 1.9 

C 
N = J-5 

C 
SUM = 0. 
SIM = 0 . 

C 
DO 1 1 K = 1 . 5 

C 

SIM = S I M * E S ( K . M ) * T ; 5 ( K , N ) 

c 
DO 11 L = 1 .5 
A = S ( K . l ) 

11 SUM = S U M * E S ( K . h ) ' t S ( L . N ) » A 
C 

O S ( I . J ) = S d .J)-SUM«CF(M ) . G F ( N ) * S I M* (G«I( 'M)»GG(M).GF(N) 
1*GN(N)*CG(N)»CF(M) I 

C 
10 S ( I . J I = S d . J ) / ( G N I MI>GN(NI I 
C 
C. » » . . . . . . » . . . . • . . . . . • • . . . . . . • . . . • • • . • • * • • . . • • • . . » » • * • . • • . • • » . . . . • . » . . . . . » • » . . . . 

RETURN 
C. . , . , . . . . , , , , , „ „ , „ , , . . . . . , . . . . , . , . . • , . , . , „ , , . , , , . , , . , , . , , , . , , . . 
c 

END 

SUBROUTINE MATMPY(M.N.X. A .Y) 
C 
C . . . . . . . . . . , . . . . , . . . . . . , . . . . , , . . . , . , , . , , , . , . . . . , . . , , , . , , , , , . , . , , , , , , , , , , , , , , , , , , 
C THIS ROUTINE IS A HELPER TO EIGENB 

C. . . . . . . . . • • • • • • • . . . . . . . . . . . . . . . . . . . . • , . . . . , . . , , , , , „ . , , , , , , , , . . . „ , , . , , , , , , , , , , 
c 

DIMENSION A( 3 6 , 3 5 ) . ) ( ( 3 5 > , Y ( 3 6 ) 
C 

1 0 DO 4 0 1 = 1 , M 
C 

20 Y ( I ) = 0 . 0 
C 

30 DO 40 J = l , N 
C 

40 Y( I ) = Y d ) * X ( J) • A ( J . I ) * 
C c , , , . , , , . , , . , , . , . . , , . , . , . , , , , . , , , , , , , , , , , , , „ , , , , , , , , , , , ^ , ^̂ ^̂ ,̂̂ ^̂ ^̂ ^̂ ^̂ ^̂ ^̂ ^̂ ^ 

50 RETURN 

c 
END 
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S U B R O U T I N E H O I N V 

c 
€ • • • » 
C J 1 1 5 DOUBLE P R E C I S I O N M A T R I X I N V E R T E R 
C NOTE THAT T H I S MATRIX I N V E R T E R CAN ONLT .BE USED ON N E A R L Y DIAGONAL 
C M A I R I C I E S 
C WE ARE NOT R E S T R I C T E D TO TO S Y M M E T R I C f l A T R I C I E S 
C 

I M P L I C l T R E A L ' 8 ( A - F » 
C • • « 

c 
D I M E N S I O N A( 35 , 3 5 1 . I RL( 3 5 1 . I C L ( 35 I 
C O M M O N / O V E R / A , N 

C 
C 
C SET THE VAR l O U S CAl LS 
C » * » » 

c 
M = N 
Ml = M - 1 
IC = 0 

C 
0 0 I 1 = 1 . M 
I R L ( I ) = 9 9 
I C L ( I I = I 

1 C O N T I N U E 
C 

A P I V = 0 
BP I V = 1 . 0 E 2 0 

ASUM = 0 . 

C 
00 2 I = 1.M 
DO 2 J = 1 . M 

C 
AT = D A 8 S ( A( I . J ) ) 

C 
I F ( A T . L T . l . E - 3 0 ) A l = 0 . 

C 
ASUM = « S U M * A T . A T 

C 
2 C O N T I N U E % 
C 

IF ( A S U M . L T . 1 . E - 3 0 ) CO TO 5 0 0 0 

C 
ASUM = O S Q R T ( A S U M ) 
ASUM = I . / A S U M 

C 
0 0 3 I = 1 . M 
DO 3 J = 1 . M 
A ( I . J ) = A ( I , J ) > A S U H 

3 C O N T I N U E 
C 
C • • • • . . . . — . • 
C F I N D THE LARGEST E L E M E N T 
C ' " * • • 

C 
0 0 1 0 I = 1 . M 
0 0 1 1 J = 1 . M 

c 
A 1 = A ( I . J > 

A2 = 0 A 8 S ( A l ) 

C 

I F ( A 2 . L E . A P I V ) CO TO 1 1 

C 

A P I V = »2 

C 
IT = I 



lU = J 
c 
11 CONTINUE 
10 CONTINUE 
C 
c . . . , , . , . . . . . . . . . • • « • < • • " • • • • • • • • ' 
C BEGIN THE ITERATION SET 
£ . . , . . . . , . . . , , . . . . . . , • • • . • • • • • • • • • 
c 
24 CONTINUE 
C 

| F ( A P I V . E O . O . ) GO TO 14 
I F ( B P I V . L E . A P I V ) GO TO 15 

C 
BPIV = APIV 

C 
15 IR = IT 

IS = lU 
ITEMP = IRL( IR ) 
IRL( IR) = ICL( IS) 
I C L d S ) = ITEMP-lOO 

C 
APIV = 0 . 

C 
DIV = A(IR .1 S) 
A( I R . I S ) = - 1 . 

C 
DO 17 J = 1.N 

17 A d R . J) = -A( IR . J ) / n l V 
C 

DO 18 I = l .M 
C 

IF (1 .EQ. IR ) GO TO 18 
C 
19 AIS = A d . I S ) 
C 

A ( I . I S ) = 0 . 
C 

DO 20 J = l .M 
A( I . J) = At I . J ) *A IS .A( IR , J) 

C 
IF (J .GT.M) GO TO 20 
l F d R L ( I ) . L E . 5 0 ) CO TO 20 
IF ( I CL( J ) . L T .1 ) GO TO 20 

C 
AC = DABS(A( I . J> ) 

C 
IF (AG.LT.API V) GO TO 20 
APIV = AG 
IT = I 
lU = J 

20 COINTINUE 
C 
18 CONTINUE 
C 

IC = IC*1 
C 

CO TO 24 
C 
C . . , . , . . . . . . . . . . . . . . . . . . . . . . . . . . . 
C THE END 
C . . . . . . . . . . . . . . . . . . 
c 
14 CONTINUE 
C 

DO 25 J = 1 , Ml 
C 
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It = 0 
KK = J * l 
JSM = ICL( J ) 

C 
DO 26 J J = KK .M 

C 
IF ( JSM.LE . I C L ( JJ) ) GO TO 25 

C 
K = JJ 
JSM = I C L ( J J ) 

C 
26 CONTINUE 
C 

I F ( K . E Q . O I GO TO 25 
C 

DO 2 9 I = l . M 
C 

ATP = A ( I . J ) 
A( I . J l = A( I .K ) 
A ( I . K ) = ATP 

C 
29 CONTINUE 
C 

ITEMP = ICL( J) 
ICL( J l = I CL (K ) 
I C L ( K ) = I TE MP 

C 
25 COMTINUE 
C 

DO 30 I = l . M l 
C 

K = 0 
KK = 1 * 1 
ISM = I R L I I ) 

C 
DO 31 I I = KK.M 

C 
I F ( I S M . L E . I R L ( 11)1 CO TO 31 

C 
K = I I 
ISM = I R K I I I » 

C 
31 CONTINUE 
C 

IF ( K . E O . O I CO TO 30 
C 

DO 34 J = l . M 
C 

ATP = A( I . J ) 
A ( I , J ) = A ( K . J ) 
A ( K , J l = ATP 

C 
34 CONTINUE 
C 

ITEMP = I R L I I I 
IRL( I I = I R L ( K I 
I R L I K I = ITEMP 

C 
30 CONTINUE 
C 
C 
C RESCALE THE MATRIX 
C . . . . . . . . . . . . . . . . . . 
c 

DO 50 I = 1.M 
DO 5 0 J = l . M 

C 
A ( I . J ) = A( I . J ) 'ASUM 
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c 
5 0 C O N T I N U E 
C 

c . , . , . . , , . , . . , , . , . . . , . . . , . . . . . . . . 
RETURN 

C . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . > • • • • • * . • • • • • • • * ' 

c 
50 0 0 C O N T I N U E 
C 

W R I T E ( 5 . 1 0 0 ) 
1 0 0 F O R M A T d O X . ' THESE M A T R I X ELEMENTS ARE TOiO S I N G U L A R " . / / / ) 
C 
C . . . 

RETURN 

c 
END 

F U N C T I O N R A N F ( J ) 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . , . , , . . M . . . . . . . . . . . . . . . . . . . . . . . . . < 

C RANDOM NUMBER GENERATOR OF FORM X ( I • 1 ) = « ( I ) • ( 2 * • 1 5 * 11 ) MOO 2 « » 3 1 
C NOTE THAT T H I S GENERATOR WORKS ON I B M 1 6 3 SYSTEM ONLY 
C M O D I F I C A T I O N TO OTHER SYSTEMS I S STR A I O t T - F O R WARD .HOWE VER 
C REPLACE 2 . « 1 5 ' A N D 2 . . 3 1 BY RELATED W I D T H I N OTHER S Y S T E M 
C W R I T T E N BY NANCY CLARK OF AMD 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . , , . . , , , . , , . . . . , , , , , 

c 
E Q U I V A L E N C E ( X . I X ) 
DATA I X / 3 1 2 5 / 

C 
2 IX = I X « 6 5 5 4 7 

C 
I F ( I X ) 5 . 5 . 5 

C 

5 I X = I X * 2 1 4 7 4 8 3 6 4 7 * l 
C 

5 I F ( J . C E . O ) GOTO 8 
C 

IF ( I X . L T . 83 8 8 5 0 8 ) GOTO 7 
C 

Y F L = I X / 8 
C 

RANF = Y F L . . 3 7 2 5 2 9 1 E - a 
C 
C . . . . . . , . . . . . , , , . . , , . , , , „ , , , , , , , , , , , , , ^ , ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

RETURN . . . . . . . . . . . . . . . . . 

7 YFL=IX 

RANF = YFL» . 4 5 5 5 5 1 3 e - 9 
C 

RETURN • • • • • • • ' • • • • • • « . . » . . . . . . . . . , . . 

8 RANF=X 
C 

RETURN ' * " • • " • • • • • • • • • " » . . » . . . . . . . . , , 

C . . . . . . . . . . . , . , . . , . . . , , . , . , , , 

c 
c 

ENTRY I R A N F ( J ) • • • • • • • • . . . . . , . . , , , , . . . . . . , . . , 
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C ' 
c 

12 I X = I X . 6 5 5 4 7 
C 

IF (I X I 1 5 . 1 6 . 16 
C 

15 IX =1 X*2147 48 3 6 4 7 * 1 
16 I R A N F = I X 

C 
C" • 

R E T U R N 
c« • • • • • • 
c 
c 
c 
C ' * " 

ENTRY R A N S E T ( J l 
C * » • • • • • • 

c 
IX = J 
R A N S E T = 0 . 

C 
C » » " 

R E T U R N 
C « • • • 

c 
c 
c 
c « •• • • • 

E N T R Y R A N C E T ( J ) 

C • • • • • 

J= IX 
R A N C E T = 0 . 

C 
C • • * ' " 

RE TURN 
C " " • • 

END 

% 
S U B R O U T I N E R E C I P ( E K » 

C 

c " ' T H I S M O D I F I C A T I O N 1 0 C O M B I N E D I NT E RP O L A I I ON SCHEME 

C SO THAT BK MAY BE I N ANY PART OF THE 8 / 

C I N T R O D U C E D BY E . I . / O R N B E R C 
C • 

D I M E N S I O N A K ( 4 , 3 ) . H K ( 3 ) . E K ( 3 I • I L ( 3 ) 

C O M M O N / l H I EF / A K 
C 
C* • • . . . ' 

c 
7 2 C O N T I N U E 

C 

DO 1 0 1 = 1 . 3 
1 0 B K ( I ) = A 8 S ( E K ( I ) ) 

C 
T E S = B K ( 1 ) * B K ( 2 ) ' B K I 1 ) 

I F ( T E S . L E . 1 2 . ) CO l U 7 1 

C 
DO 1 3 1 = 1 . 3 

13 E K d ) = E K ( I ) - S I G N ( 8 . , EK ( 1 ) ) 

C 
GO TO 7 2 
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C 
c * < 
73 
C * > 
C 

CONT INUE 

1 1 
C 

DO 1 1 
I L d ) 

1 = 1 . 3 

DO 1 2 1 = 1 . 4 

C 
1 2 
C 

DO 1 2 J = l . 3 

AK( I . J ) = 0 . 

DO 
DO 

= 1 . 2 
= 2 . 3 

C 
70 
C 

TEST = 8 K ( I ) - B K ( J ) 

I F ( T E S T . L E . O . ) GO TO 70 

SAVE = 8 K ( I ) 
BK ( I ) = BK ( J ) 
BK(J) = SAVE 
KAVE=IL ( I ) 
IL ( I ) = I L ( J ) 
I L ( J ) = KAVE 

CONTINUE 

BK ( 2 ) = BK ( 3 ) 
SAVE = BK(1) 
BK (1 ) = BK ( 2 ) 
BK(3) = SAVE 
KAVE=IL(1) 
I L d ) = I L ( 2 ) 
IL ( 2 ) = I L ( 3 I 
I L ( 3 ) = KAVE 
I 1 = I L ( H 
I 2 = I L ( 2 ) 
I 3 = I L ( 3 1 

I F ( B K ( I 2 ) . L E . 8 . ) CO TO 71 

E 2 = S I C N ( 1 . . E K ( 12)) 
E K d 2) = EK( 12 ) -E2 • 1 6 . 

C 
71 
C 

CONTINUE 

E2=S1CN(1. , E K ( 1 2 ) 1 
A K ( 3 . I 2 » = - E 2 » 1 6 . 
AK(2 . I 3 ) = - 8 . 
AK(4 ,1 31 = 8 . 

DO 1 4 1 = 2 . 4 . 2 

1 4 

C 

A K d . I H = -
A K d .121=-

SI GN(e . . 
E 2 » 8 . 
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SUBROUTINE RF( C I . Z . T . R R I 

C THIS ROUTINE CALCULATES THE OVERLAP FO«B FACTOR 
C F.M.MUELLER MARCH 19 66 

31 

32 

16 

A=CI 'RR 

I F ( A - 5 . 8 ) 3 . 3 , 3 2 

2 = ( 3 . / A * ' S - l . / A ) . S IN ( A ) - 3 . » C 0 S ( A ) / » M » 2 
Z = T.ABS ( Z ) 

CO TO 16 

2 = 0 . 

RETURN 

END 

SUBROUTINE R G( G I . Z. 1 , RR 1 

C THUS ROUTINE CALCULATES THE HYBRIDIZATION FORM FACTOR 
C F.M.MUELLER MARCH 1 9 6 6 

10 

15 

C = T 
A = CI 'RR 

I F ( A - 4 . 2 5 I 2 0 . 2 0 . 1 0 

I F ( A - 5 . 1 ) 1 6 , 1 5 . 1 5 

Z = 0 . 

RETURN 

16 
20 

C = T . ( 5 . 1 - A ) / . 8 5 
Z = ( l . / A » » 3 - l . / A | . S I N ( A I - 3 . » C 0 S ( A ) / * . . 2 
2 = Z 'C 

RETURN 

END 

SUBROUTINE SETUP 
C 
C . . . 
c 
c 
c 
c . . . 
c 
10 0 
200 
30 0 
350 
600 

J355 TO READ IN THE DATA FROM THE BACK DECK 
AND SET UP ALL OF THE VARIOUS PARAMETEMS 

F . M . MUELLER MARCH 1966 

FORHATdSI 
FORMAT( 3 E 1 5 . 5 ) 
F0RMAT(F9. 6) 
FORMATdOX, I 5 , I 0 X , l i a . 4 l 
FORMAKBOAll 
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700 FORMATdHl .1 O X , 8 0 A 1 . / / / ) 
800 F O R M A T ( / / / . l O X . ' D BAND PARAMETERS') 

DIMENSION HEAD(80) 
DIMENSION AL (20,9),r>:lFER (20 I 
DIMENSION PREM(21) .nK(3 ) . 0 ( 5 1 . A 0 ( 1 2 ) . S « 1 6 . 3 5 1 . E V ( 3 6 I . E C ( 9 I 
COMMON S.E V. V O . V I . V Z . V 3 . V 4 . E N G L . O . T . E L . K O . R l . E P . A D . A L . D I F E R . B K 

1.CNORM.MSIZE 
C 
C. « « • • . . . . . . . . . . . . . . . . . . . . . . . . . . . 
c 

READ(5.600 ) HEAD 
WRITE(6 .700 ) HEAD 

C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . • . • . » . . . • • . • • » • • • • • • • • • • " • • * • " • • • • 
C READ VALUES OF PARAMETERS 
C . . • 
c 

READ ( 5 . 3 0 0 ) CNORM 
READ(5.300) PREM 

C 
I = 0 

C 
WRITE ( 6 . 35 0) I.CN0H.1 
WR I T E ( 6 . 3 5 0 ) ( I .PREMI D . I = 1 . 2 1 ) 

C 
READ (5 .100)MS1ZE 

C 
C . . . . , , , . . . , , , . . . , . , . . . . , . . . . . . . , , , . . , . , , . , . . . , . , , , . , . , , , . . . . . . , . . , . . 
C SET UP PARAMETERS 
C . . . . . . . 
c 

V0=PREM(1) 
VI =PREM(2) 
V2=PREM(3) 
ENCL=PREM(4) 

C 
D020 1 = 1 .4 
II = 1 •4 

20 D( I)=PREM( I I ) 
D(5)=PREM(10) 

C 
T=IPREM(11) 
EL=PREMd2 ) 
R0=PREM( 13 ) 
Rl = PREMd4) 
EP=PREM«15 ) 
EF=PREMU6 ) 
V3 =0 . 
U4 = 0 . 

C 

c. . . . . , . , . . . . , . , . . . . , . ,„ , , , . , . , , , , , , , , , , , ,„ , , , , , , ,^^^^^^^^ ^̂  
C VARY THE WHOLE WIJTH OF THE 0 BAND 
C . . . . . . . . . . . . . . . . . . . . . , . . , . . . , . . . . . . . . . . . , , . „ . . . . , . , . , „ , , , , , , , , , , , , 
c 

DO 169 JJ = 3 .5 
C 

D( JJ) = 0( JJ )«PREM«17I 
C 
169 CONTINUE 
C 
C » » . " • • • • • • • • • « • • . . » • • • . . . . . . • . , . . . . . . , , , , . , 
C SET UP D BAND PARAMETERS • • • « . . . . . . . . . . , . . . . . . 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . , , , , , , , , , , , , 
C ' . . . . . . . , , . , , . . , , , . , . 

http://VZ.V3.V4
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AD(1 1=0(11 
AO ( 2 ) = . 2 5 . ( 3 . » D ( 3 ) » D ( 5 ) I 
AD(3 ) = . 5 . ( D ( 4 ) * D ( 5 I I 
AO (4 ) = . 5 * ( D( 4 ) - D ( 5 I I 
A D ( 5 ) = - . 2 5 ' S Q « T ( 3 . » . ( 0 ( 3 ) - D ( 5 ) ) 
AD(6 l = 0 ( 2 ) * D ( 1 ) 
A D ( 7 ) = . 2 5 . ( D ( 3 ) * 3 . • 0 ( 5 ) 1 
AD (8 )=P«EM(9 ) •PREMI 1 71 

SET THE SECOND NEIGHBOR PARAMETERS 
A D ( 9 ) = PREM( I 8 ) ' P H L M( 17 ) 
A D d O l = PREM( 19).PI(EM( 171 
A 0 ( 1 1 I = PRE M( 20)«t '« EMd 71 
AD(12 ) = PREM( 21)»PKEM(1 71 

WRITE ( 6 . 8 0 0 ) 
W R I T E ( 5 . 2 0 0 ) AO 

RE TURN 

SUBROUTINE SNORTI |VE C. CE P I 

J354-F INDS EXPANSniK COEF'S TO SECOND HR'DER 
EMESH AHD IK ALREAOT LOADED 

.F .M.MUELLER. J . W. CARL A NO. M.H.COHEN. AND f . H. BE NNE MANN. 
JUNE 1968 
MODIFIED BY S.G.D«S AUGUST 1959 

IVEC I S LOWEST CORNER POINT IN 
MESH-SIZEO LATTICE 

DIMENSIONOME21(9.300 ) . OE 2 l ( 9 .1 0 ) , SME 1 ( » . 300J . SEPl ( 9 . 1 0 ) .SME 2( 9 . 
8 300) .SEP2( 9 , 10 ).DMF1 U 9 . 300 ) .DE 31( 9 . I O I , DME 3 2( 9 . 30 0 ) , 0 E 3 2 ( 9. 
4 3 0 0 ) .0ME22 (9 . 300).^IF 2 2 ( 9 . 1 0 ) 

DIMENSIONS Ml 1 ( 9 ) , D M I 1 ( 9 ) . S M I ( 9 ) . 0 M I 2 ( 9 1 . O M I T 1 ( 9 ) , D M I T 2 ( 9 ) 
DIMENSION E M E S H ( 9 . / 0 0 0 ) . I P ( 2 5 , 2 5 . 2 5 ) . IK« 3. 2000) 
DIMENSIONI VE C( 3 ) . ISV EC ( 3 ) . I Z ( 3 I . I R ( 3 ) 
DIMENSIONEG( 2 7 ) .Z ( I » . C( 1 0 ) . I M ( 3. 27 ) 
DIMENSION C E P ( 9 . 1 0 1 
RE AL U( 10 . 27 ) 

REAL>8 rR( 35 . 3 5 ) . R I 2 7 . 1 0 1 

COMMON/OVER/ TR . NGO 
C OMMON/BLOK/EMESH. I I SH. IK .NTOT. MC. IP 
COMMON/CURU/DMEZl.ni 21.SME1 . S E P l . S M E 2 . S e P 2 . 0 M E 3 1 . D E 3 1 . D M E 3 2 . D E 3 2 . 

7DME22.0E22 .SMI . S M I l . OMIl .DMI2.DMIT 1.DH1I.2 
C0MM0H/H0TD0G/N69 

NCO = 10 

I N I T I A T E THE CEP'S TO ZERO 

DO 1 I = l - ' 

http://SEPl.SME2.SeP2.0ME31.DE31.DME32.DE32
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DO 1 J = 1 . 1 0 
C 

CEP( I . J I = 0 . 
S E P 1 ( I . J ) = 0 . 0 
SEP2 ( I , J ) = 0 . 0 
D E 2 1 ( I . J ) = 0 . 0 
DE22( I . J ) = 0 . 0 
D E 3 2 ( I . J I = 0 . 0 
0E31 d , J ) = 0. 0 

C 
1 CONTINUE 

C 
0 0 4 1 = 1 . 1 0 
D 0 3 J = 1 . 2 7 

3 R ( J . I I = 0 . 
C 
4 CONTINUE 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • • • • • • • • • 
C SET SCALE FOR D0UBLE< S I Z E D MESH 
C . . . . , . . , , . , , . , . 

c 
I M E S H = 2 . M E S H * I 
XL = I M E S « - 1 
SC ALE = 8 . / X L 

C 
C . , , . , , . . . . , . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

C PUT IVEC I N T O DOUBLE L A T T I C E 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

c 
00 101 = 1 . 3 

C 
I S V E C ( I ) = 2 * ( I V E C I I 1 - 1 ) 

C 

10 CONT INUE 
C 
C . . . . . . , . , . . . . . , . . , . . . , , . . . . . . . , . , . , . . . . . . , , 

C SET UP T R I P L E - L O O P FOR 2 7 CELL P O I N T S 
C . , . . . , , . . , . , . . , , . , , , , . , . . . , . , , . , 

C 
NR=0 

C 
0 0 2 0 1 = 1 , 3 
0 0 2 0 J = l , 3 
D 0 2 0 K = 1 . 3 

C 

C . , . , . , . , . , , , . . , . . , „ 
C I F UANT R E S T R I C T I O N TO FCC PUT HERE 

c 
I Z d ) = 1 - 2 
I Z ( 2 ) = J - 2 
1 2 ( 3 1 = K- 2 

C 

NR = M R . l 
C 

D 0 1 5 L = 1 . 3 
C 

I R ( L ) = I Z ( L ) 

I M ( L , N R ) = I R ( L ) 
2 ( L ) = I R ( L I 

C 

15 COWT INUE • 
C 

C A L L C E L L I Z . G ) 
C 

D0 1 6 L = 1 . 1 0 
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R(NR .L )=G( L ) 
16 CONTINUE 

20 CONT INUE 

C FORM TR MATRIX AND INVERT IT 

IF ( N 5 9 . E 0 . 5 9 ) GO 111 169 

DO 301 = 1 . 10 
D030J= I , 10 

TR d , J l = 0 . 

0 0 3 0 K = I . N R 

TR ( 1 , J I = T R ( 1 . J ) * R ( K . I I 'R (K. J l 

30 CONTINUE 

CALL MDINV 

169 COtlTINUE 

C FORM U NATRIX 

DO 35 1=1 .10 
0035J=1.NR 

U( I . J l = 0. 

DO 3 4 L = 1 . 10 

U ( I . J ) = U ( I , J ) * T R ( I . L > > R ( J , L I 

34 CONTINUE 
15 COMT INU£ 

% 

C SUM OVER THE F ITT I»r ; POINTS 

D050L=1.NR 

C SET UP K VEC TOR 

ISUM=0 

D 0 4 1 K = 1 . 3 

IR (K ) = I N ( K , L ) * ISVECI KI *2 

C CHEC K ON LENCT H 

ISUM =ISUM* IR (K ) - l 

41 CONTINUE 
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ID IF= ISUM- 3*MESH 
IF ( I DIF.LE . 0 )G0T04J 

C 
C . . . . , . , . , . . . . , . , , , . . . . , . , . . . . . . , . , 

C VECTOR OUTSIDE 
C . . . . , . . , . . . . , . . , , . . . . , . . . . . . . . . . . . 
c 

0 0 4 2 1 = 1 . 3 
C 

IR ( I ) = ( M E S H » 2 ) - ( I R ( I ) - l l 
I R d ) = I ABS( I R ( I ) ) * 1 

C 
42 CONTINUE 

C 
43 CONTINUE 

C 
C . . . . , , , . . . . , . . . , . . . , . . . , . . , 
C FOLD INTO PROPER 2')«E: Y>X>Z 
C . . . . . . . . , . , . . , , , . . . . . . . , . , , . , . , , , . 
C 

0 0 4 5 1 = 1 , 2 
C 

1 1 = 1 * 1 
c 

0045 J = U , 3 
C 

I D I F = I R d ) - I R ( J) 
C 

IF ( I D I F . R E . 0 )007045 
C 

IS AVE=IR( I > 
IR d )=IR( J ) 
I R ( J ) = I S « V E 

C 
45 CONTINUE 

C 
I 2 E = I R ( 3 ) 
I X = I R ( 2 I 
I Y = I R ( 1 I 

C 
C . . . . . . , , , . . , . . . . , . , . , , , . . , , . , , , , , , 
C VECTOR NOW PROPER 
C . . . . . . . . . . . . . . . . . . . . . . . . . . , , . , , , , , 
C 

I N D E X = I P ( I X , I T , I Z E I 
C 
C . . « . . . . , . . . . . . . . , , , , . . , , , . , , , , , , , , , 
C SUM OVER THE BANDS 
C . . . . . . . . . . . . . . . , . . , , . , , , , . , , , „ , , , , 
C 

D049N=1,9 
C 

ENC=EMESH( N, INDEX) 
PRS1=SME1( N, INDEX) 
PRS2 = SME2( N. INDEX) 
PRD1=0ME21(N.INDEX! 
PRD2=DM£22 ( N . INDEXI 
PRD32=DME32( N. INDEXI 
PRD31=OME3 U N. INDEX! 

C 
D048K=1.10 

C 
C . . . . . . . . , , , , . , , , , . , , , , , „ , , , , , , , , , ̂  
C SETUP FINAL SUM 
C * . . . . . . . . . . . . . . , . . , . . , . . . , . , , 
c ' 

CEP(N.K)=CEP(N,K)* l )« K . D . E N G 
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SEPI ( N . K I = SEPl ( N . K I . U I K . L I ' P R S l 
SEP2(N .K)= S E P 2 ( N . K ! » U ( K . L ).PRS2 
DE21 (N.K)= DE 21 (N. K I . U I K . L I ' P R D l 
DE 22 (N .K) = D E 2 2 ( N . K I » U ( K , L ) , P R D 2 
DE 31 (N . l t )= DE 31 ( N . K I . U I K.L) ,PRD3 1 
D E 3 2 ( N . K ) = D E 3 2 ( N , K | . U ( K , L I'PRO 32 

48 CONTINUE 
49 C0NTINU6 
50 CONTINUE 

N59 = 69 

RETURN 

END 

SUBROUTINE SYH(S ,N I 

C SUBROUTINE TO SYMMFidIZE THE HAMILTONIAN MATRIX 
C F.M.MUELLER MARCH 1966 

DIMENSION S( 36 . 361 

DO 10 I = 1 . N 
00 10 J = I . N 

10 S( J , I I = S d . J ) 
C 

RE TURN 

END 

SUBROUTINE Z E P ( C K . f / ) 

J3S5 - - F I N D THE EIGEN VALUES FOR T H I S P J I N T IN THE B . Z . 
F.M.MUELLER MARCH | - (56 

MODIFIED BY S.C.DA', AUGUST 1959 

C* ' 
C 
14 
C 

OIMENSIONSMI 1 ( 9 ) , D M I 1( 91 .SMI ( 9 ) , D M I 2 ( 9 1 . D M I T I ( 9 ) . 0 H I T 2 ( 9 I 
DIME N S I O N D M E 2 I ( ' ) . 3 0 0 ) . D E 2 1 ( 9 . 1 0 ) , S M E 1 ( » . 300) . S E P 1 ( 9 . 1 0 ) . S M E 2 ( 9 . 

8 300) .SEP2( 9 , l O . D H I l 1 ( 9 . 300) . 0 E 3 1 ( 9 . 101 . UHt3 2 ( 9 . 3 0 0 ) . D f 3 2 ( 9 . 
4300) .DME 22 ( 9 . 3 0 0 ) . Ill 2 2 ( 9 . 1 0 I 

DIMENSION AL ( 2 0 . 9 ) . U I F E R ( 2 0 ) 
1 . C K ( 3 ) . E Z ( 9 ) 

DIMENSION P R E M ( 1 6 ) . H K < 3 ) . D ( 5 ) . A D ( 1 2 ) . S « 1 6 . 3 5 ) , E V ( 3 4 ) , E C ( 9 ) 

COMMON/CUR U / DME 21,OF 2 I ,SMEl ,SEP 1,S ME 2 . S t P 2 . DME 3 l .DE 3 LOME 3 2.OE 3 2 . 
7DME22.DE22.SMI . S M I l . D H I 1 . 0 M I 2 . D M I I 1 . 0 M M . 2 

COMMON S.E V. V 0 . V l . » 2 . » l . V 4 . e N C L . 0 . T . E L . I « 0 . R l . E P . A 0 . A L . D I F E R , B K 

1,CNORM.HSIZE 

F O R M A T . 2 1 6 . 6 F 1 0 . 5 ) 00049712 



40 

c 
9 

C 

C 

C 
20 
c 

30 
C 

0 0 9 1 = 1 . 9 

SMI = 0 .0 
SMI 1 = 0 .0 
DMI1=0 .0 
DMI2 = 0 . 0 
OMIT 2=0.0 
OMIT 1=0.0 

CONT INUE 

DO 20 I = 1 .3 

BK(I ) = CK ( I ) 

CONTINUE 

00301 = 1.MSI2E 
DO 30 J = 1.MSIZE 
S ( I , J l = 0 . 

c 

CALL HELD 
CALL SY«(S .5 I 
CALL HSOC 
CAIL S Y « ( S . 9 ) 

I F ( M S I Z £ . L E . 9) CO TO 35 
CALL FILL 

ACC=.0001 

CALL EICENB(MSI2E.NSIZE,MSIZE,ACC) 

MC =MSIZE/36 

0 0 4 0 1 = 1 , 9 

1 1 = 1 0 - 1 
1T=( I 1 - 1 ) . M C * 3 * I 1 

E Z d ) = E V d T)*CNORN 
40 E G d ) = EV ( IT)*CN0RI1 

D011NLEVEL = 1 . 9 

ISUM=10-NLEVEL 

00 05 00 20 

C PUT ON SMALL MAGNETIC FIELD TO SPLIT DEOENRACIES 00050910 

[ . , , , . . . . , . , . . , . , . . , , , , , . . , . , . „ , , , , , , , , , . , . „ . , , . , „ . , , , , , , , , , , , „ , , , , . , , , , , , , , 
AMAG = 0 . 0 0 0 1 00050920 

0 0 1 0 1 = 1 .9 0 0 0 5 0 9 3 0 

J = I * 9 00050940 
L = l * 1 8 00050950 
" ^ J * ' * 00050960 

S d . I )=S( I . 1 )*AMAG 
S ( L . L I = S(L.L)*AMAC 
S ( J . J ) = S ( J .J) -AMAG 
S(M.MI=S(M.M)-AMAC 0 0 0 5 0 9 9 1 

10 CONTINUE 
C 

3 5 CONTINUE 
C 

C 

C 

C 

C 

0 0 0 5 0 9 7 0 
000509 80 
00050990 

00050992 

00 05 14 00 

0 0 0 5 1 9 1 0 

00 05 19 20 
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00 10 00 N G O = I . 1 

IS = I S U M * M C ' I X ISUM-1 ) 00051940 
I S = I S * N C 0 - 1 0 0 0 5 1 9 5 0 

00 05 1 9 ( 0 
00051990 

c 

c 

0 1 = 0 . 0 
0 2 = 0 . 0 
0 3 1 = 0 . 0 
D3 2 = 0 . 0 
S 1 = 0 . 0 
S 2 = 0 . 0 

0 0 2 8 1 = 4 . 5 

K= 1 * 9 
J= 1*18 
L=K*18 

00051992 
0 0 0 5 1 9 9 1 
00051994 

I. 
Dl = D l * S ( I . I S l ' > « 2 * S « J . I S ) " 2 00 05 19 95 
02 =D2*S(K. IS)..2*S<L .IS) ••2 00051996 

C 

28 CONT INUE 00051997 
C 

002811 = 1. 1 
C 

K= 1*9 

J= 1*18 
L=K*18 

C 
03 1=011»S( I. IS)"2*S( J . I S K . 2 
D3 2=D32»S( K. IS I••2*S(L.IS l>.2 

C 
281 CONTINUE 
C 

0027 11=6,9 
C 

K= 1*9 
J=1*18 
L=K*18 

C % 
SI =SI*S( I. IS )*S( J.IS I 
S2=S2*S(K. IS )*S(L. IS ) 

C 
271 CONTINUE 
C 

S 1 = S 1 . S 1 
S2=S2*S2 

C 
SMI1 (NLEVEL)=S1 
SHI(NLEVEL )= S2 
DMI T KNLEVEL ) = 031 
DMIT 2(NLEV EL ) = 0 32 
O M I l ( N L E V E L ) = D 1 
DMI2(NL£VEL)=02 

000 CONTINUE 00052070 
1 CONTINUE 0 0 0 5 2 0 7 7 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
RE TURN 

END 
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/• 
/ / G O . S Y S I N DD • 

5 
340 

THE PARAMETERS FOR PLATINUM FOUND FROM THE JfONDERFUL DHVA WORK OF LEESJOHN 
0 .983 

- 1 .058900 
0 . 0 0 2 7 0 0 
0 . 0 0 3 3 0 0 
0 . 6 7 6 7 9 9 

-0 . 4 9 5 1 3 8 
0 . 0 1 1 6 6 8 
- 0 . 0 5 3 5 6 1 

0 . 0 2 5 4 1 7 
0 . 0 1 9 2 7 5 

- 0 . 0 0 0 3 0 0 
1 .9493 2 9 
1 . 792 75 3 
0 . 3 7 0 0 3 6 
0 . 2 5 8 3 2 8 
0 . 0 2 4 0 6 5 
. 5555 
0 . 9 7 4 4 9 4 
0 . 0 0 1 0 0 0 

-0 . 002 30 0 
0 . 0 0 5 4 0 0 

- 0 . 0 0 1 20 0 
36 

2 200 
1 . 4 
- 0 . 2 
/ . 
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